INTRODUCTION
The phenomenon of the polymerization of a wide variety of crystalline monomers in the solid state has now been investigated intensively for more than a decade and a number ofreviews oftbis subject are available 1 -6 . The occurrence of a chain reaction in the solid state raises a number of interesting problems, but I should like to restriet myself here to a consideration of only one aspect of such processes, namely, the possibility to utilize the ordered arrangement of the monomer molecules in the crystallattice for the growth of the polymer chain in a preferred crystallographic direction. Such orien~ ted chain growth is of great scientific interest in that it provides particularly clear proofofthe control ofthe polymerization process by the geometric characteristics of the crystal structure. I t is also of considerable potential practical importance, since it suggests that oriented polymer samples, such as might find application as synthetic fibres, can be prepared, in principle, directly from the monomer without the need for a mechanical orientation process.
If the molecules produced in a solid-state process are oriented in a crystallographic direction of the reagent crystals, the reaction is called "topotactic". Topotactic processes are not uncommon among inorganic reactions7. A typical process of this dass is the oxidation of Fes04 to y-Fe203, which has been shown to involve the addi tion of oxygen la yers to the surface of the crystal with migration of the cations to their new lattice positions8. Such a process might be expected to be relatively easy when it requires merely motions of small ions, but should be much more difficult in the case of mole~ cular crystals, particularly if the reaction involves the breaking and the formation of covalent bonds. Nevertheless, topotactic reactions of organic crystals have been clearly demonstrated in a number of cases.
TOPOTACTIC POLYMERIZATION OF CYCLIC MONOMERS
As far as I know, the first observation of a topotactic organic reaction concerned a polymerization process. Kohlschütter and Sprenger9 reported more than thirty years ago that trioxane tends to polymerize to polyoxymethylene during sublimation ofthe trioxane crystals in vacuo, or on exposure of these crystals to gaseous formaldehyde. In both cases, X-ray crystallographic evidence showed clearly that the polymer chains assume a preferred orientation relative to the crystallographic axes of the parent trioxane crystals. I t is hard to understand that this spectacular result should have excited no interest in the scientific community at the time it was made and should have been duly noted only in recent years, when other sirnilar phenomena were observed .The solid-state polyrnerization of trioxane to highly oriented polyoxymethylene was rediscovered by Okarnura et al. lO , who introduced initiating species into trioxane crystals by exposing thern to ionizing radiation. This technique was found by these authors to Iead to sirnilar topotactic polymerization processes with other cyclic monomers, such as diketene, propiolactone and 3,3-bischloromethylcycloxabutane. Later it was found that yet another technique to initiate polymerization in trioxane crystals, i.e., exposure of a suspension of such crystals in an inert non-solvent to cationic catalysts such as boron trifl.uoride etherate or titanium tetrachloride, also Ieads to polymer oriented in a crystallographic direction of the parent monomerll. When the nature of the orientation was studied in more detail, it was discovered that the polymer was not o"riented merely in the direction of the fibre axis, but that it consisted of crystallites which had all three crystallographic axes oriented in crystallographic directions ofthe parent trioxanel2, 13 . Therelation between theorienta tion of the trioxane crystal and the orien ta tion of the polyoxymethylene crystallites produced from it has been fully clarified by Carazzolo et al.1 4 Both the trioxane and the polymer form hexagonal crystals; the polymer can grow in four alternative directions, with the six-fold axis of the polymer crystals either parallel or at an angle of 76° 7' to the six-fold axis of the trioxane crystalsl 4 a. Similar three-dimensionally oriented polyoxymethylene crystallites may be obtained by radiation-induced polymerization of tetroxanel5. This is particularly interesting in view of the fact that Kohlschütter and Sprenger stressed their inability to produce polyoxymethylene by the action of gaseaus formaldehyde on tetroxane crystals, under conditions similar to those which induced the topotactic polymerization of trioxane. Irradiated trithiane crystals polymerize on heating to polymer crystallites with a very sharp three-dimensional orientationl6, while the polymer obtained from irradiated 3,3-bischloromethylcycloxabutane appears to have only onedimensional orien ta tion 15. So far, the amount of electron microscopic information on the nature of the products obtained in solid-state polymerizations is rather limited. Figures 1 and 2 , kindly supplied by Professor P. Geil, show the appearance of a polymerized trioxane crystal on a face parallel and perpendicular to the polyoxymethylene fibre axis. I t may be seen that the polymer seems to form fibrils with a diameter of about sooA.
ORIENTED POLYMERIZATION OF VINYL DERIVATIVES
I t may be assumed that the retention of spatial orientation during a solid state reaction is favoured in processes in which little energy is released. Thus, in the polymerization of trioxane, the addition of a monomer unit to the growing polymer chain requires a similar C-0 bond to be broken and fi)rmed, so that the reaction is almost thermoneutraL The 1·9 kcaljmole released17 may be considered to reflect largely the difference in the crystal ORIENTED CHAIN GROWTH Figure I . Electron micrograph of the surface of a polymerized trioxane crystal parallel to the six-fold axis of symmetry of the parent monomer lattice energy of the monomer and the polymer. The situation is very different in the polymerization of vinyl-type monomers, where the polymerization is typically exotherrnie to the extent of about 15 kcaljmole. The question then arises whether any oriented chain growth may be expected under these conditions.
The first proofthat samples of oriented vinyl polymers may be obtained by polymerization in the crystalline state was provided by Brown and Whitel8, 19 in their study of the polymerization in urea and thiourea clathrate compounds. In the clathrate crystal, the urea or thiourea molecules are arranged along a hexagonal helix, leaving a channel-like cavity in which the monomer molecules are stacked up. As one would expect, the polymerization process does not disturb the disposition of the urea or thiourea molecules, so that the axis of the polymer chain must necessarily rernain parallel to the six-fold axis of the clathrate crystal.
The polymerization of vinyl compounds in channel clathrates represents, obviously, a rather special case and we have attempted, over the past few years, to survey other possibilities for the oriented chain growth of vinyl compounds. In such studies a variety of experimental methods may be used, each providing a different kind of information bearing on the problem. The following techniques have been found useful in this context. 
ESR Spectroscopy
When single crystals of organic compounds are exposed to ionizing radiation, the radicals produced by the scission of covalent bonds generally retain a well-defined orientation in the crystal structure. As a result, the ESR spectrum of these radicals is typically anisotropic, depending on the orientation of the crystal in the external magnetic field. We may then inquire whether this anisotropy is retained when a monomer unit is added to the initiating radical. An experin1ental study of this problern was carried out by O'Donnell et a[. 20 with a single crystal of barium methacrylate dihydrate, which is known to polymerize on y-irradiation, The primary radical initiating the polymerization is formed, in this case, by the addition of a hydrogen atom to the carbon-carbon double bond:
( 1)
This radical, with its characteristic seven-line spectrum, may be seen after irradiation of the monomerat liquid nitrogen temperature. 1\tfonomer units begin to add to the primary radical at about -80°C, and the process is very rapid at 20°C. It corresponds to
The ESR spectrum is now much more complex, since the unpaired electron is interacting not only with the three equivalent methyl hydrogens, but also with two methylene hydrogens which are, in many conformations, magnetically non-equivalent. The most significant observation was that this new ESR spectrum changed also with achanging orientation of the crystal in the magnetic field, so that we may conclude that at least one monomer unit may add to the primary radical with retention of a preferred orientation of the propagating chain end in the monomer crystallattice.
Infrared dichroism
In the case of p-benzamidostyrene, which polymerizes spontaneously at temperatures as much as 80° below the melting point, the infrared dichroism of the monomer crystal may be utilized to define the extent of preferred orientation of the polymer molecules formed in the crystalline state21. In this case, the amide groups form a hydrogen-bonded network and we may observe simultaneously, in a single crystal, changes in the infrared dichroism of the band due to stretching vibrations of the N-H bond and the disappearance of absorption bands characteristic of the vinyl group. In this way, it was established that the polymerization will proceed without disruption of the hydrogen-bonded network of the monomer crystal if the polymerization proceeds below the glass transition ternperature of the polymer.
X-Ray crystallography
Polymers in which long aliphatic side chains are appended to the monomer residues have been known, for some time, to exhibit the phenomenon of "side-chain crystallization"22, i.e. they give an X-ray diffraction pattern characteristic of crystallites of paraffinic hydrocarbons. This phenomenon may be utilized to study the extent of directional chain growth during the radiation-induced polymerization of single crystals ofvinyl stearate23. When a single crystal ofvinyl stearate is polymerized, the diffraction pattern shows that the stearate residues retain their parallel orientation to each other during the polymerization process. The side chain crystallites yield fairly sharp diffraction spots, rather than diffraction rings. The packing of these side chains, which is monoclinic in the monomer, becomes hexagonal-achange of symmetry which is frequently observed with hydrocarbons in the neighbourhood of the melting point or in the presence of impurities. At monomer conversions of about 40 per cent, the diffraction pattern gives no evidence of the original monomer phase, suggesting that the residual monomer forms a solid solution with the side chain crystallites.
We may note that neither the observations with p-benzamidostyrene, nor those with vinyl stearate provide direct information on the direction of growth of the polymer chain. In both cases, the crystals of the monomer have a structure such that layers containing the reactive Vinyl groups are separated from each other by long distances (14 A in the case of p-benzamidostyrene, 25 A in vinyl stearate). The preservation ofthe hydrogen-bonded structure in the first case, and ofthe mutual orientation ofthe side chains in the second, indicates that the backbones of the polymer chains must lie in the layers originally occupied by the vinyl groups. I t may be further inferred that these chain backbones must have some mutual orientation to each other, since it is difficult to see how the side chains could otherwise remain in such a relatively ordered condition, but there is no clear evidence how these chain backbones are ordered. Since polymerization in clathrates is the only case of solid-state vinyl polymerization leading to a highly Stereoregular product, we cannot, in the other cases, expect the ordering of the polymer chains to approach that observed with e.g. polyoxymethylene grown in trioxane crystals.
It is interesting that oriented chain growth has also been demonstrated in mesomorphic phases24. A soap, such as the sodium or potassium salt of p-styryl-11-undecanoic acid, forms with water various liquid-crystalline phases in which the soap may be present either in sheets separated by layers of water, or in cylinders arranged in hexagonal array. If the vinyl groups are now polymerized, converting the solute into a typical polysoap, the structure of the liquid crystal is retained. Since this structure is now "fixed" by covalent bonds, it is found to be stable in spite of changes of temperature which would have resulted in phase transition before the polymerization.
TOPOTACTIC POL YCONDENSATION
A polycondensation would be expected to be particularly unlikely to result in topotactic chain growth, since the elimination of a small molecule (usually water) Ieads to a considerable chain contraction and the small molecules will have to diffuse out of the polymerizing crystal. Nevertheless, we found that small crystals of E-aminocaproic acid may be converted, by heating in vacuo 30-40° below the melting point of the monomer, to very highly oriented nylon-625. Weissenberg X-ray photographs show that we are dealing, in this case also, with a three-dimensional orientation of the polymer crystallites with respect to the crystallographic directions of the parent monomer. However, recent studies by Dr P. N. Kasai indicate that the relation between the orientation of the polymer crystallites and the monomer crystal is rather complex. His results, represented schematically in Figure 3 , place the axes of the chain molecules in the 001 plane of the monomer, with an average inclination of ± 55° to the b-axis, but the most probable orientations lie ± 15° from these directions. These crystallographic results have been fully substantiated by electron microscopic data recently obtained by Fischer and Macchi. The appearance of the surface of a polymerized crystal of E-aminocaproic acid, shown in Figure 4 , reveals clearly the twinning of the polymer crystallites, with an angle of 110° between the two alternative directions of chain growth.
ORTENTED CHAIN GROWTH

EPITACTIC POLYMERIZATION
It seems highly improbable that a polymerization reaction could take place in the interior of a perfect monomer crystal and we must, therefore, conclude that chain growth must be initiated at lattice imperfections, or else, at the surface of monomer crystals. The orientation of the growing chain would then have to be ascribed to the influence of the crystal suiface and the phenomenon should then be classified as an epitactic reaction. There are a number of indications pointing in that direction. Wehave mentioned Kohlschütter and Sprenger's observation that contact with gaseous formaldehyde induces trioxane crystals to polymerize9 and this process may be shown to proceed layer by layer into the interior ofthe crystal. Similarly, the effect of boron trifluoride etherate on trioxane crystals cannot be ascribed to diffusion of the initiator into the solid monomer, but rather on its action on the surface layerlO. Careful studies of the spontaneaus polymerization of trioxane have led Van der Heijde et a [.26 to conclude that the reaction "occurs only in the surface region of the crystals and observable amounts of polyn1er are formed only under dynamic conditions, i.e. if, by crystal growth or evaporation, the surface is displaced at a suitable rate". Other observations, pointing to the role of surfaces in directing the polymerization process, may be cited. I t is weil known that the pyrolysis of p-xylene Ieads to a diradical which is relatively stable in the gas phase but polymerizes spontaneously on cold surfaces to poly(p-xylylene)27 as represented by I t was found that the polymer film formed in this manner is anisotropic, with the index of refraction nu = 1·668 in the plane of the film surface and nu = 1·592 perpendicular to the film surface28. Clearly, the polymer chains must grow preferentially either parallel or perpendicular to the underlying surface.
Pertinent observations have also been made during the study of the polycondensation of E-aminocaproic acid, as described in the previous section. I t was found that some of the polymer was generally formed as a thin film on the surface of the glass tube in which the monomer was contained. The glass seems, therefore, to exert a catalytic effect on the dehydration of the monomer to the chain polyn1er, but since the film formed represents many times the thickness of a monomolecular layer, it has to be concluded that the crystalline polymer is itself a polymerization catalyst. Such a phenomenon would be analogaus to the "replica polymerization" suggested by Szwarc29 many years ago. It may then be asked, whether the polycondensation of the E-aminocaproic acid crystal does not also involve the interaction of the surface of the moncmer with its vapour. E. Macchi has made in our laboratory the surprising observation that the linear dimer of E-aminocaproic acid does not undergo polycondensation in the crystalline state · under conditions similar to those used for the solid-state polycondensation of the monomer. This could be interpreted as reflecting differences in the crystal structures of the monomer and the dimer; it could, however, also be due to the mu:::h lower vapour pressure of the dimer.
The results of a somewhat different type of experiment should perhaps also be classed as an example of epitactic polymerization. I t was foundZO that exposure of pre-irradiated nylon-6 fibres to acrylonitrile vapour leads to the formation of polyacrylonitrile on the fibre surface. This polyacrylonitrile exhibited an infrared dichroism which showed that the polymer chains were highly oriented with respect to the underlying nylon-6. This result shows that the crystalline surface, which is to provide the directing inftuence in an epitactic polymerization, need not be particularly similar in its chemical make-up to the polymer chains tobe formed.
STUDIES OF THE PRODUCTS OF TOPOTACTIC POL YMERIZATIONS
As we have seen, it is possible to prepare by solid-state polymerization macroscopic samples which, although polycrystalline, approach in some cases rather closely to the properties ofsingle crystals ofhigh polymers. Such specimens may be useful for a number of investigations. We may cite, as an example, poly(vinyl chloride) prepared in a urea clathrate. The geometric restrictions in this type of solid-state polymerization allow only a chain with an all-trans backhone of carbon atoms to be formed and the polymer has, therefore, a pure syndiotactic structure31. The all-trans conformation may be demonstrated by infrared spectroscopy32 and there is no other method known by which such a specimen could be obtained.
In a similar manner, polyoxymethylene obtained by the solid-state polymerization of trioxane crystals was used to study the dependence of the NMR spectrum on the orientation of the polymer in the external magnetic field 33, 34 It should also be noted that the determination of the crystal structure of polymers consisting of chain molecules leaves frequently some ambiguity because only unidirectionally oriented fibres are available for X-ray analysis. I t would appear that three-dimensionally oriented specimens, wherever they are obtainable by solid-state polymerization, should offer great advantage in crystallographic studies.
As ofnow, we do not know whether polymer crystallites, obtained in solidstate polymerization processes, exhibit the chain folding phenomenon so characteristic of polymer crystals prepared in other ways. The answer to this question may help to clarify the nature of solid-state polymerization and may, at the same time, advance our understanding ofthe causes underlying chain folding.
